ABSTRACT Muscarinic K 1 (K ACh ) channels are key determinants of the inhibitory synaptic transmission in the heart. These channels are heterotetramers consisting of two homologous subunits, G-protein-gated inwardly rectifying K 1 (GIRK)1 and GIRK4, and have unitary conductance of ;35 pS with symmetrical 150 mM KCl solutions. Activation of atrial K ACh channels, however, is often accompanied by the appearance of openings with a lower conductance, suggesting a functional heterogeneity of G-protein-sensitive ion channels in the heart. Here we report the characterization of a small conductance GIRK (scGIRK) channel present in rat atria. This channel is directly activated by Gbg subunits and has a unitary conductance of 16 pS. The scGIRK and K ACh channels display similar affinities for Gbg binding and are frequently found in the same membrane patches. Furthermore, Gbg-activated scGIRK channels-like their K ACh counterparts-exhibit complex gating behavior, fluctuating among four functional modes conferred by the apparent binding of a different number of Gbg subunits to the channel. The electrogenic efficacy of the scGIRK channels, however, is negligible compared to that of K ACh channels. Thus, Gbg subunits employ the same signaling strategy to regulate two ion channels that are apparently endowed with very different functions in the atrial membrane.
INTRODUCTION
Autonomic regulation of the heart rate is a continuous process integrating multiple cellular events controlled by sympathetic and parasympathetic signals to the heart. Both branches of the autonomic nervous system rely on G-proteincoupled receptors and their downstream effectors to accomplish the control of cardiovascular function. Among these effectors, the K ACh channels of the sinoatrial node and atria play a prominent role in the inhibitory synaptic transmission in the heart and slowing of the heart rate (Wickman et al., 1998; Yamada, 2002) .
The cardiac K ACh channels consist of two homologous subunits, G-protein-gated inwardly rectifying K 1 (GIRK)1 (Dascal et al., 1993; Kubo et al., 1993) and GIRK4 (Krapivinsky et al., 1995a) . The GIRK1 and GIRK4 subunits form heterotetrameric channels with a (GIRK1) 2 (GIRK4) 2 stoichiometry (Silverman et al., 1996 , Tucker et al., 1996 and pore conductance of ;35 pS with symmetrical 150-mM KCl solutions. Topologically consistent with the bacterial KcsA K 1 channel (Doyle et al., 1998) , each GIRK subunit comprises two transmembrane helixes (TM1, TM2) interrupted by a P region, and cytoplasmic NH 2 -and COOHterminal domains. The transmembrane helixes and the P regions form an integral transmembrane pore (Doyle et al., 1998) , which is significantly extended by a tetrameric cytoplasmic pore formed by the NH 2 -and COOH-terminal domains of the GIRK subunits (Nishida and MacKinnon, 2002) . The activation of the K ACh channels is conferred by direct Gbg binding, apparently to multiple domains, on the intracellular surface of the channel (for reviews see Yamada et al., 1998, and Sadja et al., 2003) . Gbg-activated K ACh channels exhibit complex gating behavior, fluctuating among four functional modes conferred by the apparent binding of a different number of Gbg subunits to four identical and independent sensors in the protein complex (IvanovaNikolova et al., 1998) . This Gbg-dependent K ACh channel gating is further complicated by slow modal transitions (on a timescale of minutes), which are independent of Gbg concentration and probably involve some membrane-delimited processes (Yakubovich et al., 2000) . At this time, the structural principles governing such complex K ACh channel gating are not fully understood. Mutational studies of the transmembrane helixes of GIRK suggest that upon gating the TM2 helixes undergo both rotation (Yi et al., 2001 ) and bending at a conserved glycine residue , Jiang et al., 2002 . Surprisingly, the structure of the cytoplasmic GIRK pore connects more realistically to an open conformation of the transmembrane pore than to a closed one (Nishida and MacKinnon, 2002) . This structure identifies an additional possibility for channel activation-gating at the cytoplasmic pore-in the presence of a permanently open transmembrane pore of the GIRK channels.
Whereas the Gbg subunits govern the gating phenomenon, the Ga i subunits have significant ramifications for the fidelity of coupling between different G-protein-coupled receptors and GIRK channels (Leaney et al., 2000) . In addition, the Ga i subunits are responsible for termination of the G-protein signaling to the K ACh channel (Doupnik et al., 1997; Saitoh et al., 1997; Peleg et al., 2002) .
In the atria, the heterotetrameric GIRK1/GIRK4 channels coexist with GIRK4 homomultimers of yet unidentified biological function (Corey and Clapham, 1998) . The biochemical heterogeneity of atrial GIRK multimers is accompanied by a functional variability of G-proteinsensitive ion channels. Our examination of receptoractivated K ACh channels in neonatal rat atrial myocytes frequently revealed the presence of two types of channel openings, one with a conductance of 34 pS and another one with a conductance of ;16 pS (with symmetrical 150-mM KCl solutions). Although these two conductance levels could be distinguished in K Ach channel recordings from different species in a number of studies from other laboratories (Ito et al., 1991; Sui et al., 1996) , the relation between the 34-pS and 16-pS events has never been investigated. These observations prompted us to investigate the 16-pS channel openings and their dependence on Gbg.
Here we define the properties of a previously uncharacterized Gbg-sensitive inwardly rectifying K 1 channel observed in the membrane of rat atrial myocytes. This channel exhibits a small conductance (13-17 pS), fast kinetics, and, like the K ACh channel, is directly activated by the Gbg subunits. On the basis of the small conductance and mode of activation, we designated this channel scGIRK channel. Mechanistically, the activation of the scGIRK channels by Gbg replicates the activation of the K ACh channels, strengthening the notion that Gbg-driven control of multiple functional states, evolving from the same effector molecule, is a common mechanism of signal transduction. The electrogenic efficacy of the scGIRK channel, however, is negligible compared to that of the K ACh channel. Thus, these two channels are most probably endowed with very different physiological functions in the membrane of the atrial myocytes.
MATERIALS AND METHODS

Isolation and cell culture of neonatal cardiac myocytes
Experiments were performed on Sprague-Dawley rat atrial cells. Neonatal animals were cryoanaesthetized on ice and then decapitated. The heart was rapidly excised and the atrial tissue was removed for further dissociation. Primary cultures of rat atrial myocytes were obtained according to previously established procedures (Foster et al., 1990) . Briefly, the atrial tissue was minced and treated with a mixture of trypsin, chymotrypsin, and elastase at 37°C. The suspension of dissociated cells was centrifuged through Percoll step gradients to obtain cell preparations consisting of .94% myocytes. The myocytes were suspended in modified Eagle's medium containing 5% newborn calf serum and 0.1 mM 5-bromo-2#-deoxyuridine and were plated on round (7 mm in diameter) gelatin-coated coverslips in culture dishes at a density of 1 3 10 5 cells/cm 2 . After an overnight incubation, the cells were washed to remove nonadherent cells and cultured in a defined serum-free media 4 additional days.
Expression and purification of G-protein b 1 g 7 dimers followed the method developed by Kozasa and Gilman (1995) for purification of b 1 g 2 and has been previously described (Ivanova-Nikolova et al., 1998) .
Electrophysiology
Single-channel currents through K ACh and scGIRK channels were recorded from cell-attached and inside-out patches of atrial myocytes using the standard high-resolution patch-clamp method (Hamill et al., 1981) . The membrane potential was zeroed with the following bath solution (in mM): 150 KCl, 5 EGTA, 5 glucose, 1.6 MgCl 2 , 5 HEPES (pH 7.4). Pipette solution contained (in mM): 150 KCl, 1 CaCl 2 , 1.6 MgCl 2 , 5 HEPES (pH 7.4). Patch pipettes were made from borosilicate glass (World Precision Instruments, Sarasota, FL) on a Flaming Brown micropipette puller (Sutter Instrument, Novato, CA) and firepolished on a microforge (Narishige Scientific Instrument Lab, Tokyo, Japan). The resistance of the patch pipettes (when filled with pipette solution) was 10-20 MV. To estimate the number of K ACh channels present in each patch, the atrial m 2 -muscarinic receptors were activated with 1 mM acetylcholine added to the pipette solution, and the K ACh channel activity was monitored in cell-attached configuration for 3-6 min. Patches with superimposed 34 pS-openings were not subjected to further investigation. Single-channel currents were recorded with a Patch Clamp List-Medical EPC-7 amplifier (ALA Scientific Instruments, Westbury, NY) using a DigiData 1200 series interface and pCLAMP 6.0 software, both from Axon Instruments (Foster City, CA) . Data were digitized at 5 kHz and stored on a computer for further analysis. Some of the data were additionally filtered with an 8-pole Bessel filter (Frequency Devices, Haverhill, MA) at 2 kHz. The fast and slow time constants, t o1 ¼ 0.29 6 0.07 ms and t o2 ¼ 1.1 6 0.3 ms (n ¼ 9 cells), derived from the open-time distributions of the filtered data were not significantly different from the time constants, t o1 ¼ 0.31 6 0.05 ms and t o2 ¼ 1.3 6 0.2 ms (n ¼ 8 cells), estimated from unfiltered recordings of the elementary currents at the same membrane potential.
Only recordings with current transitions to a single 16-pS and/or a single 35-pS level (monitored for at least 10 min in the presence of Gbg) were included in the analyses of the amplitude of channel openings, open dwell times, and gating modes. All-points amplitude histograms were generated using pCLAMP 6.0 software and fitted with the sum of several Gaussian functions to determine the mean current amplitude for the scGIRK and K ACh channels. Lists of durations of single-channel events were generated by the FETCHAN Events List function using the half-amplitude threshold-crossing algorithm. Cumulative histograms of open dwell times were generated and fitted with the sum of two exponential components.
Examination of long episodes of single-channel data recordings at a constant Gb 1 g 7 concentration frequently revealed the presence of slow modal transitions in scGIRK and of K ACh channel gating, analogous to the slow gating transitions described for heterologously expressed GIRK1/4 channels (Yakubovich et al., 2000) but on a much slower timescale. Such transitions between different phases of channel activity were always associated with a change in the frequency of channel gating. Therefore, each recording was divided into 400-ms consecutive segments, and the frequency of apparent openings, f, was calculated for each segment. The 400-ms duration of the individual data segments was selected to reflect the mean burst duration of K ACh channels exhibiting well-delineated bursting behavior; the same time interval was used for our analysis of the scGIRK channels. The mean frequency, F, was averaged over 30-s data recordings (from 75 consecutive 400-ms data segments) and plotted versus time (see Fig. 10, A and B) . The resulting F-t plots accurately identified the apparently homogeneous sections of each recording. A data recording (usually longer than 6-7 min) was judged as homogeneous if the mean F values (denoted by the horizontal lines in Fig. 10, A and B) calculated from the first and the second halves of this recording were statistically indistinguishable.
RESULTS
Evidence for the presence of scGIRK channels in neonatal rat atrial myocytes Inspection of individual atrial K ACh channels activated in cell-attached patches by 1 mM ACh revealed the presence of two populations of single-channel openings as illustrated in Fig. 1 . One population exhibited a unitary conductance of 34 6 1 pS (n ¼ 14), characteristic of classical K ACh channels, whereas the other population had a unitary conductance of 16 6 1 pS (n ¼ 14).
Patch excision in GTP-free solution completely abolished the activity of both the 16-pS and 34-pS events (Figs. 1 and  2 ), indicating the absence of an obligatory component required for channel gating in the cell-free membrane. Subsequent perfusion of the cytoplasmic side of the membrane with nanomolar concentrations of purified recombinant Gb 1 g 7 restored the activity of both channels. Thus, a sole elevation in free membrane concentration of Gbg was sufficient to activate not only the K ACh channels, but the 16-pS events as well.
Examination of the gating pattern of the 16-pS events (Fig.  2) revealed a strong resemblance to the behavior of the canonical K ACh channels. The 16-pS events, like their 34-pS counterparts, fluctuated between singular openings preceded and followed by long closed intervals and clusters of relatively closely spaced openings. Direct transitions between the 16-pS and the 34-pS conductance levels, however, were not detected even during long episodes (20-30 min) of singlechannel data recordings. In addition, membrane patches harboring exclusively the 16-pS Gbg-activated events were frequently found (Fig. 2) . These observations suggest that the 16-pS openings might result from activation of a previously uncharacterized atrial channel rather than from transitions to a subconductance state of the K ACh channel. Furthermore, to the best of our knowledge there are no published data describing subconductance states of K ACh channels.
To determine the voltage dependence of the small conductance events, current amplitudes were measured in symmetrical 150-mM KCl solutions at different membrane potentials and compared to those of K ACh channels found in the same membrane patches (Fig. 3 A) . The current-voltage plot (Fig. 3 B) generated from such experiments demonstrates that the 16-pS events, like the K ACh channels, display inward rectification. Although the molecular identity of the 16-pS events is unknown, on the basis of their small conductance, direct Gbg activation, and inward rectification, we designated these events ''small conductance (sc) GIRK channels'' for clarity of presentation.
To identify the elementary open states entered by the scGIRK channels, we generated distributions of openinterval durations at different (1.6-12 nM) Gb 1 g 7 concentrations. The adequate fit of the open-time distributions (Fig.  4 A) invariably required a sum of two exponential components characterized by mean time constants, t o1 and t o2 , of 0.31 ms and 1.3 ms, respectively. Both t o1 and t o2 were independent of the Gbg concentration. Similar analysis of K ACh channels, activated in the same range of Gb 1 g 7 concentration, yielded fast and slow open-time constants that were threefold greater (t o1 ¼ 0.93 6 0.14 ms and t o2 ¼ 4.3 6 0.6 ms, n ¼ 10) than those estimated for the scGIRK channel.
The fast open-time constants estimated for the Gbgactivated scGIRK channels give rise to an important concern that the 16-pS events might represent distorted brief 34-pS openings rather than genuine events. To rule out this possibility we investigated the effect of cyclic adenosine monophosphate-dependent protein kinase (PKA) on scGIRK FIGURE 1 Two populations of G-protein-activated single-channel openings in neonatal rat atrial myocytes. Activation of a single 34-pS K ACh channel in a cell-attached patch is accompanied by the appearance of 16-pS openings. In this and all following figures, the downward deflections correspond to inward currents. Membrane potential: ÿ90 mV; 1 mM ACh is added to the pipette solution. Excision of the membrane patch in GTP-free solution instantaneously and completely eliminated both 16-and 34-pS events. The membrane potential continued to be clamped at ÿ90 mV during the entire experiment. Perfusion of the experimental chamber with 0.4 nM Gb 1 g 7 restored both the 16-and 34-pS single-channel openings. The single-channel recording in the presence of Gb 1 g 7 begins 10 min after Gb 1 g 7 application.
channel activation by Gbg. Since PKA phosphorylation significantly increases K ACh channel open times (Kim, 1990; Mullner et al., 2003) , it is expected to eliminate the 16-pS events from our recordings if they were poorly resolved, brief 34-pS events. Pairs of scGIRK and K ACh channels residing in the same membrane patch were activated by purified recombinant Gbg, and then purified PKA catalytic subunit was applied to the cytoplasmic side of the patch in the presence of Mg-ATP. PKA c application (200 pg/ml) caused a substantial upregulation of Gbg-activated scGIRK channels, which is illustrated in Fig. 4 (n ¼ 4). The effect of PKA c on scGIRK channel activity was observed within 3-6 min after PKA application and was sustained for the duration of our experiments. In control experiments, perfusion of Gb 1 g 7 -activated scGIRK and K ACh channels with either Mg-ATP or heat inactivated PKA c had no effect on the channel activity (data not shown).
Comparison of the open-time distributions revealed that PKA potentiation of the scGIRK channel activity was associated with a twofold increase in both the fast and slow open-time constants (t o1 ¼ 0.66 6 0.08 ms and t o2 ¼ 3.08 6 0.52 ms, n ¼ 4). Furthermore, PKA induced significant shift in the scGIRK channel gating toward a high open probability mode that was infrequently accessible in the presence of Gb 1 g 7 alone (see Gating mechanism of scGIRK channels). At the same time, the unitary conductance of scGIRK channels was not affected in the presence of PKA c (Fig. 4) , thus eliminating the possibility that the 16-pS events result from very brief distorted K ACh channel openings.
In summary, our analysis of unitary currents recorded from membrane patches either after m 2 -receptor stimulation, or application of purified Gb 1 g 7 subunits revealed the presence of ;16-pS channel openings with open durations threefold briefer than those of the canonical K ACh channels activated under the same conditions. Our data also indicate that the activity of the scGIRK channels and their sensitivity to G-protein stimulation is efficiently regulated by PKA.
Gating mechanism of scGIRK channels
To understand the gating mechanism of scGIRK channels, we analyzed channel behavior at Gb 1 g 7 concentrations ranging from 0.4 to 12 nM. Consistent with our previous observations using Gb 1 g 5 , the activation of both scGIRK and K ACh channels by Gb 1 g 7 developed gradually over the course of 6-10 min before reaching a sustained level of activity. To provide sufficient time for Gb 1 g 7 incorporation in the membrane and to ensure a consistency of experimental FIGURE 2 Small conductance atrial GIRK channel. Single-channel activity recorded in cell-attached configuration from an atrial myocyte in the presence of 1 mM ACh. Channel activity ceased after patch excision in GTP-free solution. Application of 12 nM Gb 1 g 7 restored the channel activity. Membrane potential: ÿ90 mV.
FIGURE 3 Voltage dependence of scGIRK and K ACh channels. (A) Gb 1 g 7 -activated single-channel currents were recorded from the same membrane patch at the indicated potentials. All-points histograms were generated from the recordings and fitted by a sum of Gaussian functions to determine the mean current amplitudes. (B) IÿV curves for the scGIRK (gray) and K ACh (black) channels were constructed from the single-channel current amplitudes determined at each membrane potential. Each data point represents the mean 6 SEM of currents recorded from 5 to 14 channels.
conditions, the analysis of single-channel recordings was started at the same time point in each experiment, 10 min after Gb 1 g 7 application.
Gb 1 g 7 activated the scGIRK channels in a concentrationdependent manner. At 0.4 nM of Gb 1 g 7 , only a few singular openings could be recorded within a 40-min interval (Fig. 1) . As Gb 1 g 7 concentration was raised, the probability of the channel being open increased (Fig. 2 ). This increase in the channel open probability, however, was also associated with a shift from exclusively singular openings to more complex patterns of channel activity.
To assess the gating of the scGIRK channels at different Gb 1 g 7 concentrations, we implemented the routine developed previously by us for the analysis of heterogeneous K ACh channel behavior (Ivanova-Nikolova et al., 1998) . The homogeneous sections of continuous recordings were divided into consecutive 400-ms segments and two parameters-frequency of openings, f, and open probability, p o -were calculated for each data segment and plotted versus time.
The p o and f plots presented in Fig. 5 A illustrate the fluctuations in the open probability and the frequency of openings for the initial 20 s of the scGIRK channel recording shown in Fig. 2 . The p o and f values calculated from the individual 400-ms data segments were further used to generate f and p o histograms. These histograms were used to determine the number of conducting conformations accessible to the scGIRK channel and to quantify the equilibrium among different channel conformations Hawkes 1981, 1983; Colquhoun and Sakmann, 1985) . (Colquhoun and Sakmann, 1985) was sufficient to fit the p o histogram, whereas the adequate fit of the p o histogram generated in the presence of 12 nM Gb 1 g 7 required a sum of four gamma components. Since each conducting conformation of an ion channel contributes a single kinetic component to the p o and f histograms, our data suggest the presence of four conducting conformations or gating modes for each scGIRK channel. However, in the absence of PKA c in the experimental chamber, even at saturating Gb 1 g 7 concentrations the occupancy of gating mode 4 was very low (Fig. 5 B, inset) . We therefore analyzed the gating in modes 3 and 4 together and the parameters estimated from the third gamma component in the p o and f histograms were interpreted as a combined representation of the channel performance within these two modes.
The analysis of p o and f histograms was also used to quantify the equilibrium probability (or relative occupancy) of individual gating modes. Different biochemical mechanisms may underline the complex gating behavior of an ion channel regulated by Gbg binding. Previously, for the interpretation of heterogeneous K ACh channel gating, we suggested that each gating mode, k, arises from binding of k Gbg subunits to four equivalent and independent Gbg sensors on a single tetrameric K ACh channel (IvanovaNikolova et al., 1998) . In this case, the probability of observing mode k should follow the binomial distribution,
where P is the probability of Gbg binding to one of the G-protein sensors, and N ¼ 4. The equilibrium between the four functional modes of Gb 1 g 5 -activated K ACh channels is in excellent agreement with the predictions of this model (Ivanova-Nikolova et al., 1998) . Therefore, in this study we tested the possibility that different gating modes of the scGIRK channel arise from binding of one to four Gbg subunits to four equivalent and independent Gbg sensors in the scGIRK channel (Fig. 6 A) . A simple test of this assumption would be to determine the correlation between the occupancies of individual gating modes. For each p o and f histogram, the probability of Gbg binding, P, was computed from the relative occupancy of mode 1, F 1 , according to the equation
Then the relative occupancy of the remaining k modes, F k , was examined as a function of the parameter P. Fig. 6 B illustrates the results from this test for scGIRK and K ACh channels activated in the same range of Gb 1 g 7 concentrations.
The equilibrium analysis indicated that the theoretically derived binomial distributions for the probability of observing gating modes 2, and 3 and 4 (Fig. 6 B, solid lines) superimposed upon the experimental F k estimates (symbols) for both GIRK channels. We next investigated whether selecting a different gating mode as the basis for calculation of parameter P might influence its value. To test this possibility the probability of Gb 1 g 7 binding to one of the Gbg sensors, P, was computed from the relative occupancy of mode 2 in each experiment, F 2 , according to the equation:
. Unlike the occupancy of mode 1, which provides a single P value for each F 1 , the occupancy of mode 2 provides two P estimates for each F 2 value. To avoid this ambiguity in the interpretation of the occupancy of mode 2, for each histogram we selected the P value corresponding to the smaller difference, ðF
where F E 3&4 and F T 3&4 are the experimentally determined and the theoretical occupancies of modes 3 and 4, respectively. This analysis revealed that the P value derived from each histogram was independent of the mode selected for its calculation, and thus confirmed the excellent compatibility between the model illustrated in Fig. 6 A and the gating equilibria of GIRK channels. In most recordings, however, the proportion of blank data segments significantly exceeded the probability of observing gating mode 0 (no Gbg bound to the channel) calculated from the binomial distribution (Fig. 6 B) . One possible reason for this deviation from the theoretical curve could be a Gbg-dependent desensitization of GIRK channels. Consistent with this possibility is our recent finding that the native K ACh channels form large signaling complexes with several regulatory proteins in the atrial membrane (Nikolov and Ivanova-Nikolova, 2004) . Two of the proteins found in these complexes, RACK1 (receptor for activated C kinase) and bARK (b-adrenergic receptor kinase) can function as Gbg scavengers and, thus, might contribute to GIRK channel desensitization.
Alternatively, the discrepancy between the predicted and experimentally determined fractions of blank data segments in our experiments might be attributed to the presence of an additional nonconducting conformation of the GIRK channels. Thus, we considered a paradigm in which both the vacant and the singly occupied GIRK channels are silent (Fig. 7 A) . To test this model, we once again examined the relative occupancy of the gating modes 1, 2, and 3 as a function of the probability of Gbg binding, P. In this case, the parameter P, however, was computed from the relative occupancy of mode 0, F 0 , according to the equation:
The results from this analysis ( Fig. 7 FIGURE 6 Gating equilibrium among four functional modes of GIRK channels. (A) A model assuming four functional modes of GIRK channels rendered active by the independent binding of an increasing number of Gbg subunits to four equivalent Gbg sensors in the channel structure. (B) For each channel, the relative occupancy of different gating modes was estimated from the fraction of the p o (gray symbols) and f (black symbols) histograms fitted by the corresponding gamma components. The sojourns of the channels to gating modes 3 and 4 are jointly represented. In each experiment, the probability of Gb 1 g 7 -binding to one of the Gbg sensors, P, was computed from the relative occupancy of mode 1, F 1 , according to Eq. 2. The solid lines represent the predicted occupancy of the individual gating modes. The symbols represent the occupancy of mode 1 (circles), mode 2 (diamonds), and modes 3 and 4 (triangles) determined from the individual p o and f distributions for different scGIRK (n ¼ 14) and K ACh (n ¼ 14) channels. The graph in panel B, bottom, illustrates the discrepancy between the predicted occupancy of mode 0 and the experimentally determined fractions of blank data segments for the scGIRK (blue) and K ACh (red) channels.
B) indicate that such a model reasonably well predicts the occupancy of all gating modes in the low Gb 1 g 7 concentration range (0.4-1.6 nM) used in our experiments. At higher Gb 1 g 7 concentrations, however, the relative occupancy of individual gating modes significantly deviated from the predicted binomial distribution. Further, we sought to determine whether selecting a different gating mode for computation of the P values in the alternative model of GIRK channel gating shown in Fig.  7 A would improve the correlation between the theoretical distributions and the experimental F k values. We therefore computed the P values from the occupancy of mode 1, F 1 , according to the equation F 1 ¼ 6P 2 (1 ÿ P) 2 , and examined the relative occupancy of modes 0, 2, and 3 as a function of the parameter P. Our analysis indicated that the selection of a different mode for calculating the probability of Gbg binding, P, did not improve the compatibility of our data with this model (data not shown). Nevertheless, the existence of nonconducting conformations of the singly occupied GIRK channels might be a viable option in the interpretation of channel behavior in the presence of different signaling partners of the GIRK channels and will be further tested.
Thus, the overall analysis of scGIRK channel activation by purified recombinant Gb 1 g 7 supports the concept of channel gating in four conformations rendered active by the binding of an increasing number of Gbg subunits to four seemingly identical and independent G-protein sensors on this channel. At the same time, we cannot rule out the possibility that the biochemical mechanisms underlying this heterogeneous GIRK channel behavior are much more complex, yet their consequences could be adequately explained by the simple idea entertained in this work.
FIGURE 7 Gating equilibrium among three functional modes of GIRK channels. (A) A model assuming three functional modes of GIRK channels rendered active by the independent binding of two, three, and four Gbg subunits to four equivalent Gbg sensors in the channel structure. (B) For each channel, the relative occupancy of different gating modes was estimated from the fraction of the p o (gray symbols) and f (black symbols) histograms fitted by the corresponding gamma components. In each experiment, the probability of Gb 1 g 7 -binding to one of the Gbg sensors, P, was computed from the relative occupancy of mode 0, F 0 , according to the equation:
The solid lines represent the predicted occupancy of the individual gating modes. The symbols represent the occupancy of mode 1 (diamonds), mode 2 (triangles), and mode 3 (squares) determined from the individual p o and f distributions for different scGIRK (n ¼ 14) and K ACh (n ¼ 14) channels.
Affinity of scGIRK and K ACh channels for Gb 1 g 7 binding Membrane colocalization of two GIRK channels with different abilities to generate hyperpolarization responses would provide the atrial myocyte with a powerful means to control the membrane sensitivity to m 2 -muscarinic receptor stimulation by adjusting the affinity of these channels to Gbg. To compare the Gbg dissociation constants (K d ) of scGIRK and K ACh channels in the atrial membrane, we analyzed the concentration dependence of the probability, P, of Gbg binding to one of the putative Gbg sensors. In each experiment we estimated parameter P at three standard time points-10, 20, and 30 min after the Gb 1 g 7 perfusion. The mean value of the three P estimates was used to generate a dose-response curve for scGIRK and K ACh channels, respectively (Fig. 8 A) .
The probability of Gbg binding, P, is a sigmoidal function of Gbg concentration, and a fit with the Hill equation
yields a Hill coefficient, N, of 4 for both channels. The dissociation constant, K d , was 1.55 nM for the scGIRK and 1.65 nM for the K ACh channels. The latter value is similar to the K d value reported earlier for native K ACh channels and the same Gbg combination (Wickman et al., 1994) . Although the scGIRK and K ACh channels had virtually equal Gbg affinity, the mean open probability of each gating mode was ;3.8-fold smaller for the scGIRKs as compared to the K ACh channels (Fig. 8 B) . In addition, the maximum probability of Gbg binding, P max , declined from 0.52 for the K ACh channels to 0.36 for the scGIRKs, thus defining different gating boundaries for the two channels and further limiting the efficacy of the scGIRK channels. Altogether, the analysis of atrial scGIRK channel, in the presence of Gbg alone, provided a picture of an ion channel with a significant Gbg-binding capacity but with very limited electrogenic efficacy.
Relationship between K ACh and scGIRK channels in the membrane of atrial myocytes
The presence of K ACh and scGIRK channels with identical Gbg affinities in the same myocytes raises the possibility that these channels might compete for binding to the free Gbg available in the membrane. To test this possibility we investigated the relationship between scGIRK and K ACh channels found in the same membrane patch. Examination of 14 GIRK channel pairs demonstrated that the scGIRK and K ACh channels behaved as individual entities and the gating equilibrium of each channel was not affected by the presence of the other channel in the same patch.
On the other hand, the inspection of long episodes of single-channel data revealed the presence of slow modal transitions (Yakubovich et al., 2000) in the gating of scGIRK and K ACh channels, and these slow modal transitions were frequently linked for the two channels (Figs. 9; 10, A and B; and see Fig. 12 ). For 13 out of the 14 individual scGIRK channels monitored at a constant Gb 1 g 7 concentration for at least 20 min each, an initial period of infrequent but stable scGIRK gating was followed by a period of more appreciable channel activity (Fig. 10 A) . Such transitions in scGIRK channel gating from low to high levels of activity were frequently coupled to slow modal transitions in K ACh channel gating. Intriguingly, the K ACh channels were able to undergo transitions in both directions: from low to high (Fig. 9 ) and from high to low level of activity (Fig. 12) . In the set of 14 patches, seven displayed a synchronized increase in the activity of both channels (Fig. 10, A and B) , whereas five patches displayed a reduction of K ACh channel activity after the upregulation of scGIRK channels. In the remaining two patches the activity of the K ACh channels was stable for the duration of the experiments.
The slow modal transitions in the gating of GIRK channels led to changes in the equilibrium between the four functional modes of these channels. Fig. 11 provides a direct comparison of the p o histograms generated from the different phases of the experiment illustrated in Fig. 9 , whereas the p o histograms generated from the different phases of the experiment illustrated in Fig. 12 are shown in Fig. 13 . The analysis of these p o distributions revealed significant changes in the equilibrium probability of different functional modes, consistent with changes in the probability of Gbg binding to the protein complexes. In addition, in some of our experiments, the slow modal transitions in GIRK channel gating affected the open probability of the individual gating modes (Figs. 11 and 13) .
Two basic conclusions can be drawn from these observations. First, the Gbg sensitivity of both channels appears to be a rather dynamic parameter controlled by yet unrecognized membrane components. As a result, the amplitude of hyperpolarization response of atrial myocytes to uniform receptor stimulation would greatly vary, depending not only on the relative density of the K ACh and scGIRK channels in the membrane, but also on their relative Gbg affinity at any particular moment. Second, there are at least two different membrane-delimited factors (or combinations of factors) that might modify the sensitivity of GIRK channels to Gbg stimulation. In our experiments, one of these factors was apparently capable of amplifying the activity of both channels, whereas the other factor upregulated the scGIRK channels while inhibiting the K ACh channel activity. Further studies are needed to identify these factors and to delineate their precise mechanism of action.
DISCUSSION
In this work we characterized the function of a previously unidentified Gbg-sensitive inwardly rectifying channel in the heart, which we designated the scGIRK channel. These FIGURE 9 Synchronized slow modal transitions in GIRK channel gating. Single-channel recordings from a pair of scGIRK and K ACh channel activated by 4 nM Gb 1 g 7 . After an initial period (;7 min) of steady gating, the activity of both channels increased simultaneously. channels are expressed in the membrane of atrial myocytes and are frequently localized in close proximity to the classical K ACh channels. The scGIRK channels are characterized by a unitary conductance of ;16 pS (with symmetrical 150-mM KCl solutions), very low open probability, and brief open states defined by two time constants, t o1 and t o2 , of 0.31 ms and 1.3 ms, respectively. Apparently, the small conductance combined with the low open probability would prevent the scGIRK channels from generating significant levels of hyperpolarization current in the atrial membrane.
Common gating mechanism for atrial GIRK channels
Upon Gbg activation the scGIRK and K ACh channels exhibit a complex behavior, fluctuating between different patterns of gating. This behavior is dependent on the Gbg concentration. At Gb 1 g 7 concentrations ,1 nM, GIRK channel gating is characterized by infrequent, mostly singular openings. However, the channel activity begins to oscillate between singular openings and heterogeneous bursts of openings as the Gbg concentration increases. Such heterogeneity of channel gating is a major obstacle in the interpretation of the single-channel recordings from both scGIRK and K ACh channels. To quantify the complex gating of Gbg-activated K ACh channels we previously developed a simplistic approach for classification of channel gating in functionally distinct modes (Ivanova-Nikolova et al., 1998) . The recordings were divided into consecutive, equally spaced time intervals and the channel frequency of openings and the channel probability of being open were assessed within these intervals. The f and p o values obtained from this analysis were then compiled to generate f and p o histograms, and these histograms were used to evaluate the K ACh channelGbg interactions. In this study, the same approach was applied to classify the gating of scGIRK channels into individual functional modes. The results of our experiments indicated that although a single kinetic component was sufficient to approximate the f and p o histograms at low Gb 1 g 7 concentrations, a sum of up to four components was required for the adequate fit of the scGIRK channel data generated at saturating Gb 1 g 7 concentrations. Thus, our analysis suggested the presence of four distinct gating modes not only for the K ACh channels but for the scGIRKs as well.
In addition, the concentration dependence of the gating equilibrium is characteristic of an activation process driven by Gbg concentration. Previously, for the K ACh channels, we suggested that the multiple Gbg binding sites identified in GIRK1 and GIRK4 subunits are arranged in a precise pattern to form four equivalent and independent Gbg sensors in the channel structure (Ivanova-Nikolova et al., 1998) . Additionally, we suggested that binding of one to four Gbg subunits to these sensors gives rise to four distinct K ACh channel conformations underlying the four gating modes. Several studies from different laboratories provided further support for the basic premises of this concept. The recent crystal structure of GIRK1 tetrameric cytoplasmic pore revealed the presence of four identical putative Gbg sensors protruding from the pore (Nishida and MacKinnon, 2002) . Similar structural organization is most probably conserved throughout the entire GIRK channel family. In addition, the existence of equilibrium between single-, double-, triple-, and quadruple-Gbg occupied GIRK4 homotetramers was directly validated through biochemical experiments (Corey and Clapham, 2001) . Furthermore, mutagenesis analysis of neuronal GIRK2 channels identified several mutations within GIRK2 transmembrane domains, which not only rendered the channels constitutively active but also confined their gating to individual gating modes (Yi et al., 2001 ). This last observation supports the notion that each gating mode represents a distinct configuration of the K ACh channel protein.
In this study, we extended our concept of K ACh channel gating to rationalize the modal behavior of the scGIRK channels. As long as the four gating modes can be viewed as manifestation of single-, double-, triple-and quadruple-Gbg FIGURE 10 Biphasic activation of GIRK channels. Time courses of Gbg activation for the scGIRK (A) and the K ACh (B) channels shown in Fig. 9 . To identify the different phases of scGIRK and K ACh channel activation, the F-t plots were generated as described in Materials and Methods. The horizontal lines indicate the mean F values obtained within apparently homogeneous sections of channel activity. After an initial period (;7 min) of steady gating, the activity of both channels increased simultaneously. (C) Two representative 15-s segments of single-channel recordings are shown to illustrate the changes in the channel behavior associated with different phases of this experiment.
occupied scGIRK channels, the probability of observing each gating mode should be a function only of the probability of Gbg binding to one of the four Gbg sensors, P. To test this prediction we examined the gating equilibrium of scGIRK channels activated at different Gbg concentrations. The parameter P was computed from the relative occupancy of mode 1, and the relative occupancy of remaining modes was examined as a function of P (Fig. 6 ). This examination demonstrated that the probability function of each of the remaining gating modes strictly followed the predicted binomial distribution (Eq. 1). Moreover, the selection of a different gating mode for the computation of parameter P did not influence the P values derived from the different f and p o histograms, thus further confirming the excellent compatibility between the data and the model.
Analysis of the concentration dependence of gating equilibrium also demonstrated that the probability of one of the four Gbg sensors being occupied, P, is a sigmoidal function of Gbg concentration for both scGIRK and K ACh channels. Remarkably, the two channels have identical Gb 1 g 7 affinity (K d of ;1.6 nM). This observation implies that not only the four Gbg sensors of each scGIRK and K ACh channel behave as equivalent and independent modules, but also that these sensors are structurally similar in scGIRK and K ACh channels. However, the molecular identity of the Gbg sensors (for reviews, see Yamada et al., 1998, and Sadja et al., 2003) , and the conformational changes elicited in them upon Gbg binding remain to be defined.
Although the scGIRK and K ACh channels exhibited identical Gb 1 g 7 affinities (Fig. 8 A) , the electrogenic efficacy of the two channels was markedly different (Fig. 8 B) . Thus, the same mechanism of Gbg control of multiple functional states of single effector molecule is used to achieve a robust hyperpolarization response in the case of the K ACh channels, and to generate a mute response in the case of the scGIRK channels.
Altogether, classification of scGIRK and K ACh channel gating into four functional modes and subsequent analysis of equilibrium between the different modes greatly simplified the kinetic analysis of the heterogeneous single-channel data. This method was also sensitive enough to capture slight changes in Gbg regulation of the two channels. However, as we previously reported (Ivanova-Nikolova et al., 1998) , this method did not accurately predict the amount of blank data segments in the single-channel recordings throughout the entire Gbg range. In the majority of our experiments, the fraction of blank data segments considerably exceeded the probability of observing gating mode 0 (no Gbg bound to the channel), calculated from the binomial distribution (Eq. 1) for both channels. This observation indicates the presence of Gbg-dependent desensitization in addition to the Gbg-dependent activation of GIRK channels. The mechanism of the desensitization process, however, was not investigated in this work.
Although no attempt was made here to determine the molecular composition of the scGIRK channels, several lines FIGURE 11 The slow modal transitions in scGIRK and K ACh channel gating are associated with changes in the equilibrium among the four functional modes of these channels. (A) Open probability histograms generated from the initial (left panel) and late (right panel) phases of scGIRK activity shown in Fig. 9 of evidence suggest that these channels might be functional GIRK4 homotetramers. The existence of GIRK4 homomultimers along with the GIRK1/GIRK4 heterotetramers has been demonstrated in the atria (Corey and Clapham, 1998 ).
In addition, heterologous expression of GIRK4 homomultimers results in the formation of G-protein-regulated inwardly rectifying K 1 channels (Krapivinsky et al., 1995a,b) . In these studies, however, the fast gating of the FIGURE 13 Modal distributions of scGIRK and K ACh channels associated with the opposing regulation of these channels. Open probability histograms generated from the homogeneous phases of scGIRK (top panels) and K ACh (bottom panels) channel gating shown in Fig. 12 channel gating during the late phase is impaired not only by its confinement within the low-efficient modes 1 and 2, but also by the significant reduction in the open probability of individual kinetic components contributing to channel activity. FIGURE 12 Opposing regulation of scGIRK and K ACh channels. Singlechannel activity recorded in the presence of 12 nM Gb 1 g 7 from a membrane patch harboring a scGIRK and a K ACh channel. In this experiment, an initial phase of efficient K ACh channel gating and infrequent scGIRK openings was replaced with a second phase, characterized by increased scGIRK activity and infrequent K ACh channel gating.
recombinant GIRK4 channels impeded their analysis and prevented us from directly comparing the properties of GIRK4 homotetramers with those of atrial scGIRK channels. More recently, the properties of GIRK4 homomultimers were examined in Xenopus oocytes (He et al., 2002) , and the analysis of GIRK4 channel openings resolved two components with time constants, t o1 and t o2 , of 0.26 ms and 0.89 ms, respectively. These estimates are very similar to the open-time constants for the scGIRK channels reported here. Finally, ion channels with biophysical properties identical to those of the scGIRK channels were observed in the atrial myocytes of GIRK1 knockout mouse after m 2 -receptor activation (Bettahi et al., 2002) . There are some differences, however, in the G-protein regulation of the atrial scGIRK channels and the residual GIRK4 homomultimers in the GIRK1 knockout mouse model. In the latter case, channel activity quickly ran down in cell-attached configuration after m 2 -receptor activation and could not be reliably restored in inside-out patches by addition of GTP and ATP. These differences suggest that the presence of heterotetrameric K ACh channels in the atrial membrane might be important for the function of GIRK4 homomultimers.
Despite these functional similarities between the scGIRK channels and the GIRK4 homomultimers, we cannot completely rule out the possibility that the 16-pS openings might result from transitions to a subconductance state of the GIRK1/GIRK4 heterotetrameric channel that is accessed from the closed state only. An alternative explanation might be that the scGIRK channels represent a yet unidentified covalent modification of the K ACh channels. In any case, the presence of the scGIRK channels in the atrial membrane could have a major effect on the cellular responses to m 2 -receptor stimulation.
Physiological role of scGIRK channels in the atrial membrane
The limited ability of the scGIRK channels to generate membrane current does not suggest a substantial role for these channels in the hyperpolarization of atrial myocytes. The examination of interactions between the scGIRK and canonical K ACh channels, however, indicates that scGIRKs might create a gradient of hyperpolarization responses across atrial membrane. In fact, recent examination of acetylcholine-sensitive K 1 currents in myocytes from adult mouse atrium revealed a significant gradient of I KACh current density across the supraventricular structures of the mouse heart (Lomax et al., 2003) . The molecular mechanisms underlying this phenomenon are currently unknown but most likely involve different K ACh channel densities in different supraventricular structures. At the same time, the interactions between scGIRK and K ACh channels in the atrial membrane could be responsible for dynamic changes in the gradient of I KACh current density across the atria, and thus might have significant clinical repercussions. These interactions would be determined by the proximity of the two channels and their ability to compete for binding to the pool of Gbg subunits released upon receptor activation. The analysis of scGIRK and K ACh channel activation revealed similar Gb 1 g 7 affinities for the two channels which supports the notion that the two channels might indeed compete for Gbg binding. Furthermore, it is well established that K ACh channel activity is modulated by a large variety of intracellular factors and processes. These include phosphatidylinositol-4,5-bisphosphate, Na 1 , Mg 21 , oxidation-reduction, phosphorylation-dephosphorylation, and protonation (reviewed in Dascal, 1997, and Sadja et al., 2003) . Our limited experiments with PKA c suggest that some of the same intracellular factors and processes might be involved in the regulation of the scGIRK channels too. Future studies will test this possibility.
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